We found that Haemophilus ducreyi, the etiologic agent of chancroid, contains two isoprenoid quinone structural types, demethylmenaquinone and menaquinone, with six-and seven-unit unsaturated isoprene side chains, respectively. Eleven strains of H. ducreyi and a control strain of Haemophilus influenme biogroup aegyptius (Haemophilus aegyptius) were grown in a liquid medium with oxygen as the terminal electron acceptor. Quinones were extracted from bacterial membrane preparations and isolated by high-performqnce liquid chromatography. The chemical structure of both quinone types was determined by using ultraviolet and mass spectroscopy and nuclear magnetic resonance analysis. The presence of both a demethylmenaquinone and a menaquinone in H . ducreyi represents a major physiological and chemotaxonomic difference between H. ducreyi and other Haemophilus species.
The etiologic agent of chancroid, Haemophilus ducreyi, was first observed in 1889 (11) and was subsequently included in the genus Haemophilus (26) . H. ducreyi is genetically dissimilar from other Haemophilus species (1) (2) (3) 6) . The results of genetic transformation (3) and deoxyribonucleic acid (DNA) relatedness studies (0 to 6% related as determined by DNA hybridization) (6) suggest that H. ducreyi is unrelated or only distantly related to other Haemophilus species. Definitive genetic studies to determine relatedness at the family (Pasteurellaceae) level (that is, ribosomal ribonucleic acid-DNA hybridization) have not been reported for H. ducreyi. However, there are phenotypic similarities between H. ducreyi and other Haemophilus species that do not easily preclude H . ducreyi from the genus Haemophilus. A major reason for including H. ducreyi in the genus Haemophilus is its in vitro growth requirement for hemin (13, 19) . Other reasons include the presence of nitrate reductase and alkaline phosphatase activities (19) and a DNA guanine-plus-cytosine content of 38 to 39 mol%, which is similar to that of Haemophilus infruenzae (6, 18) . In addition, H. ducreyi shows considerable antigenic crossreactivity with other Haemophilus species when it is probed with polyvalent animal or human immune serum (24, 25) .
In this report, we show that H. ducreyi produces both demethylmenaquinone (DMK) and menaquinone (MK) when it is grown in a liquid medium with oxygen as the terminal electron acceptor; the latter quinone type has not been detected previously in Haemophilus species. The chemical structures of both quinones were determined by using ultraviolet (UV) and mass spectroscopy and nuclear magnetic resonance (NMR) analysis. From a chemical and chemotaxonomic standpoint, the presence of both DMK and MK in H. ducreyi raises doubts about the taxonomic assignment of this species to the genus Haemophilus.
MATERIALS AND METHODS
Organisms and cultural conditions. Ten isolates of H. ducreyi were randomly selected from among strains isolated during chancroid outbreaks in California, West Palm Beach, * Corresponding author.
Fla., New York, N.Y., and Boston, Mass. All isolates were confirmed as H. ducreyi by biochemical tests (19) . H. ducreyi Collection de 1'Institut Pasteur strain CIP 542T (T = type strain) and H. influenzea biogroup aegyptius (Haemophilus aegyptius) American Type Culture Collection strain ATCC 11116 (= National Type Culture Collection strain NCTC 8502) were also included in this study. All H. ducreyi strains were maintained on heart infusion agar (BBL Microbiology Systems, Cockeysville, Md.) containing 1% (vol/vol) IsoVitaleX (BBL), 5% (vol/vol) rabbit erythrocytes, and 10% (vol/vol) fetal bovine serum (Hyclone Laboratories, Ogden, Utah). The H. injluenzae biogroup aegyptius strain was maintained on chocolate agar plates (BBL). All strains were grown at 35°C in 5% CO, for 16 to 18 h.
Large-scale growth of the H. ducreyi and H. injluenzae biogroup aegyptius strains was accomplished in brain heart infusion broth containing soluble hemin (Sigma Chemical Co., St. Louis, Mo.) at a final concentration of 25 pg/ml, 1% IsoVitaleX, and 10% fetal bovine serum. Flasks containing liquid medium (500 ml) were equilibrated overnight in 5% CO,; after inoculation, cultures were incubated while shaking (100 rpm) in room air for approximately 18 h at 35°C.
Preparation of membrane fractions. After approximately 18 h of growth, H. ducreyi and H . influenzae biogroup aegyptius cells were harvested by centrifugation at 12,000 X g for 15 min at 4°C and washed with 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffer (pH 7.4). Cell pellets were suspended in 5 ml of HEPES buffer, and cell-free extracts were prepared by three passages through a French pressure cell (American Instrument Co., Silver Spring, Md.) at 16,000 lb/in2; 10 pg of deoxyribonuclease per ml and 10 pg of ribonuclease (Sigma) per ml were added after the first passage.
Cell debris and unbroken cells were removed by centrifugation at 23,500 x g for 15 min at 4"C, and the supernatant was centrifuged in a model L-5 ultracentrifuge (Beckman Instruments, Inc., Berkeley, Calif.) at 100,000 x g for 90 min at 4°C. The pellets were washed once with HEPES buffer and then suspended in this buffer in a 10-ml glass tissue homogenizer with a Teflon pestle. The suspensions were adjusted to contain 6 to 8 mg of protein per ml, as determined by a modification of the method of Lowry et al. for protein determination, using bovine serum albumin as a standard (23) . Crude membrane fractions were used immediately after protein determination or were stored at -70°C.
Isoprenoid quinone extraction. Quinones were extracted fiom 2-ml portions of membrane preparations by a modification of the method of Kroger and Dad'ak (21), using 7.2 ml of methanol and 4.8 ml of high-boiling-point (60 to 8OOC) petroleum ether (Ligroine; Fisher Scientific Co., Fair Lawn, N.J.) in light-protected, 30-ml screw-top tubes. The mixtures were vigorously shaken for 15 rnin at ambient temperature on a wrist action shaker (Burrell Corp., Pittsburgh, Pa.) and then centrifuged at 1,400 x g for 5 rnin at 4°C. Acetone (2 ml) was added, and shaking was continued for an additional 15 min. The upper layer was recovered after centrifugation (1,400 x g for 5 min), and the residue was extracted with 2 Iml of petroleum ether. The combined extracts were evaporated to dryness under a gentle stream of nitrogen at ambient temperature. The identities of the extracted quinones were determined by various analytical techniques, using authentic quinone standards for comparison (MK-4 to MK-10 from Hoffmann-LaRoche Co., Basle, Switzerland; ubiquinones Q-6, 4-7, Q-9, and Q-10 from Sigma Chemical Co.) and membrane-extracted DMK-6 and -7 from H. influenzae biogroup aegyptius strain ATCC 11116, a strain previously shown to contain DMKs (14, 16) .
High-performance liquid chromatography of quinones. Authentic MK and ubiquinone standards and membrane-extracted quinones were dissolved in methanol (250 11. 1) and separated by high-performance liquid chromatography, using a model 344 gradient system (Beckman) fitted with a C-18 reverse-phase column (4.6 by 25 mm; particle size, 5 pm; Altex, Berkeley, Calif.). The high-performance liquid chromatography system was composed of a model 421 controller, two model 114 binary solvent delivery systems, and a model 165 variable-wavelength detector equipped with a 10-pl flow cell and operated at a wavelength of 248 nm. Samples were injected into a model 210-A sample valve fitted with a 100-pl loop. Peak fractions were quantitated and recorded with a model 310-A integrator-recorder (Hewlett-Packard Co., Avondale, Pa.) that was interfaced to an IBM personal computer for real-time data acquisition (BASIC program available upon request). Quinones were chromatographed isocratically in a methanol-isopropanol (5050, vol/vol) mobile phase at ambient temperature with a flow rate of 1 mY min. The purity of isolated quinones was determined by rechromatography . The quinone samples were evaporated to dryness with a gentle stream of nitrogen at ambient temperature, protected from light, and stored at -70°C until analysis.
Absorption spectrophotometry. All spectrophotometric measurements were made with a model DU-7 scanning UV-visible spectrophotometer (Beckman) at ambient temperature. Quinones were suspended in absolute ethanol and scanned from 220 to 320 nm. Reduction of quinones was achieved at ambient temperature by adding 5 pl of an aqueous solution of potassium borohydride (KBH,; 5 mg/ml; kept at OOC) to 1 ml of the ethanolic quinone solution containing 5 pl of 0.5 M sodium acetate buffer (pH 5.2) (5, 21) .
Mass spectroscopy analysis. Samples were dissolved in acetone and were analyzed with a model TSQ-46 triple quadrupole mass spectrometer (Finnigan MAT, San Jose, Calif.) run in single quadrupole mode and interfaced to an INCOS data system. A direct-exposure (filament) probe was used to introduce the sample into the source. The ionization mode was electron impact. A 2 -4 sample was placed on the probe and was allowed to evaporate at ambient temperature. The probe was then placed into the ionization chamber and allowed to equilibrate for 100 s. The current program was then begun, going from 0 to 1.2 A at 20 mA/s; the sample vaporized from the probe between 0 and 400 mA. The mass spectrometer was set to acquire data in the mass-to-charge range from 180 to 800 daltons in 1.95 s per scan.
NMR analysis. Proton NMR spectra were obtained with a model XL-300 spectrometer (Varian Associates, Sunnyvale, Calif.) equipped with a 7.05-T superconducting magnet. Quinone samples were dissolved in 0.5 ml of deuterated chloroform, and chemical shifts were reported downfield from tetramethylsilane by using the residual chloroform signal at 7.25 ppm as a reference. All spectra were measured at ambient temperature by using a spectral width of 4,000 Hz and 30,000 data points. Signal-to-noise averaging of between 1,600 and 2,000 transients was required to achieve acceptable sample spectra.
RESULTS
Quinone isolation. Figure 1 shows the separation of both MKs and DMKs by high-performance liquid chromatography. Seven authentic menaquinone standards (MK-4 to MK-10) eluted between 6.6 rnin (MK-4) and 3.17 min (MK-10). DMK-6 and -7, extracted from H. influenzae biogroup aegyptius (see below for structural determination), eluted at 9.5 and 12.2 min, respectively. The two major quinones extracted from H. ducreyi CIP 542T and the other 10 H. ducreyi strains eluted at 12.2 min (DMK-7) and 13.6 rnin (MK-7) (see below for structural determination). They were extracted in relatively equal proportions when the strains were grown in a liquid medium with oxygen as the terminaI electron acceptor. The same quinone types were observed with H. influenzae biogroup aegyptius when it was grown in brain heart infusion broth supplemented with 1% IsoVitaleX without added hemin and fetal bovine serum (data not shown). H. ducreyi grew poorly in the absence of serum and did not grow without hemin. Authentic standards Q-6, Q-7, Q-9, and Q-10 eluted at 7.0, 8.7, 14.3, and 18.7 min, respectively (data not shown). The superimposed display of this chromatographic system (Fig. 1) shows that quinones were separated according to their naphthoquinone ring structure and isoprene chain length. DMKs are more polar than MKs (10, 12) and were eluted in front of MKs with an equivaIent chain length. All of the quinones shown in Fig. 1 have unsaturated isoprene side chains.
Quinone UV absorption spectrum. Figure 2 shows the oxidized and reduced UV absorption of a ethanolic solution of MK-7 ( Fig. 2A) and DMK-7 (Fig. 2B) extracted and purified from H. ducreyi CIP 542T. An authentic MK-7 standard and DMK-7 extracted from H. inJEuenzae biogroup aegyptius strain ATCC 11116 had essentially the same UV absorption spectra as the equivalent quinone types from H. ducreyi (data not shown).
The absorption maxima for oxidized MK-7 were at 242 and 248 nm (benzenoid absorption) and 261 and 269 nm (quinonoid absorption) ( Fig. 2A, solid line) . Upon reduction ( Fig. 2A, dashed line) , the MK-7 spectrum changed to one characteristic of a hydroquinone (substantial loss of absorption at 261 and 269 nm) (5). However, removal of the methyl group from C-2 of the naphthoquinone ring (DMK-7) caused a shift of approximately 6 nm in the quinonoid absorbance to approximately 254 and 263 nm (Fig. 2B, solid line) ; the benzenoid absorption maxima remained similar. Upon reduction (Fig. 2B, dashed line) , the DMK-7 absorption at , and 31.7 min, respectively), membrane-extracted H. injuenzae biogroup aegyptius strain ATCC 11116 quinones DMK-6 (peak 1) and DMK-7 (peak 2) (elution times, 9.5 and 12.2 min, respectively), and membrane-extracted H. ducreyi CIP 542T quinones DMK-7 (peak 3) and MK-7 (peak 4) (elution times, 12.2 and 13.6 min, respectively). The eluent was monitored at 248 nm. i, Injection point. approximately 254 and 263 nm was significantly reduced. The absorption maxima for each quinone type agree with previously published data (8) .
Mass spectroscopy fragmentation. Mass spectra for an MK-6 standard, DMK-6 isolated from H. influenzae bio- group aegyptius, and MK-7 and DMK-7 isolated from H. ducreyi CIP 542T had molecular ions (M+) and base peaks, respectively, at the following mass-to-charge ratios (rnle): MK-6 standard, 580 and 225; DMK-6, 566 and 211; MK-7, 648 and 225; and DMK-7, 634 and 211. The MK-6 standard had additional fragments at rnle 187, 239, 307, 375, 443, and 511; MK-7 contained all of these fragments plus one at mle 579 (data not shown). DMK-6 had additional fragments at mle 172,225,293, 361,429, and 497; DMK-7 contained all of these fragments plus one at mle 565 (data not shown). Saturation of olefinic bonds within the side chains was not observed.
NMR spectrum. Table 1 summarizes the data obtained from the 4,000-Hz proton NMR spectra. The NMR spectra of H. ducreyi DMK-7 and MK-7 are essentially the same as the H. influenzae biogroup aegyptius DMK-6 and MK-6 standard spectra, respectively (data not shown). Of special note is the presence of the quinonoid methyl peak from C-2 at 2.2 ppm with MK and the presence of a C-2 proton at 6.8 ppm with DMK (Table 1) . Long-range coupling is observed between the aromatic protons and the C-2 proton with DMK (Table 1) .
DISCUSSION
The classification of the family Pasteurellaceae, which includes the genera Haemophilus , Pasteurella , and Actinobacillus, is inadequate; additional genetic and chemotaxonomic criteria are required for acceptable taxonomic grouping (4, 6). H. ducreyi, which appears to be a homogeneous genomic species, is genetically dissimilar from all other Haemophifus species (6), as well as from other members of the Pasteurelfaceae (18). Based on this dissimilarity, the validity of classifying H . ducreyi in the genus Haemophifus has been questioned (6). However, phenotypic similarities do exist between H . ducreyi and the other Haemophifus species, strengthening the argument to retain H . ducreyi in the genus Haemophilus. Quinones are useful markers for taxonomic grouping since they are widely distributed, structurally diverse, and physiologically significant (5, 8, 9 ). Isoprenoid quinones of bacteria are lipophilic components of the cytoplasmic membrane (5, 8) that play important roles in the transfer of electrons in the respiratory chain and function in oxidative phosphorylation and active transport (5, 7, 8, 20) . The class of quinone and the length and degree of saturation of the isoprenoid side chain are useful in bacterial taxonomy (8, 9, 16, 17, 22) . In general, strains that are about 70% or more related as determined by DNA-DNA hybridization contain the same quinone type and isoprene chain length, whereas a particular quinone structural type(s) is usually characteristic at the genus or family level (16, 22) .
Huemophilus species reportedly contain DMKs or ubiquinones or both (8, 16, 18) . These quinones function as carriers of reducing equivalents between the dehydrogenases and the various terminal enzyme complexes. The transfer of electrons in the electron transport chain iri the Haemophifus species that have been examined generally proceeds from low-potential flavoproteins and cytochromes to DMK to high-potential cytochromes, which may be associated with ubiquinones, and finally to the terminal electron acceptors, oxygen or nitrate (19) . DMKs have a higher redox potential (E'o = +36 mV) than MKs do (E'o = -74 mV) (15) . MKs, with their lower redox potential, however, are typically associated with anaerobic respiratioh coupled to lowerpotential electron acceptors, such as fumarate (16) . Ubiquinones, because of their high redox potential (E'o = -1-112 mV), are intermediates only in the high-potential portion of the electron transport chain (16) . The quinone composition of the electfon transport chain defines the membrane-associated energy transduction potential of a given bacterial species, and in this regard, H . ducreyi is different from all other Haemophifus species that have been examined.
The presence of DMKs as the sole respiratory quinones has been described by Hollander et al. (16, 17) as a typical characteristic of the genus Haemophifus, and their presence should be a taxonomic criterion. This conflicts with the present description of the genus, according to which at least six species of Haemophifus contain ubiquinones in addition to DMKs (19) . Additionally, in this study, 11 strains of H . ducreyi were found to contain DMK and MK; the latter quinone type has not been detected previously in valid Haemophilus species. This finding, in addition to the previously reported genetic observations, raises further questions concerning the assignment of H . ducreyi to the genus Haemophifus and concerning the chemotaxonomic description of the genus. The taxonomic significance of the presence of both DMK and MK in H . ducreyi needs to be evaluated in conjunction with genetic and other chemotaxonomic data before any change in taxonomic assignment or genus definition is considered.
